A first effort employing a range of polar-group functionalized phosphines (L 1 -L 7 ) to design mononuclear Rh(I) compounds of [Rh(quin-8-O)(CO)(L)] (quin-8-O = 8-hydroxy quinolate) is described. The reaction of a Rh(I) precursor [Rh(µ-Cl)(CO) 2 ] 2 with 8-hydroxyquinoline in the presence of a base followed by phosphines (L 1 -L 7 ) produced only a single isomer of [Rh(quin-8-O)(CO)(L)] compounds (1-7) with pendant, i.e. non-bonded, polar-groups (includes carboxyl, hydroxyl and formyl). A relationship between ∆δ 31 P chemical shifts and the ν(C≡O) was derived to evaluate and explain the σ-donor properties of these phosphines with respect to the electronic properties of the polar groups and the extent of π-back-bonding to the CO group. These mononuclear Rh(I)-Phosphines were investigated as catalysts in the hydroformylation of 1-hexene and cyclohexene in aqueous two-phase and single-phase solvent systems. The Rh(I) catalysts with strong σ-donor and hydrophilic phosphines provided better yields and selectivities for the hydroformylation products, which is a reverse trend compared to literature reports. When the Rh(I) compounds contained strong σ-donor phosphines, the π-acceptor properties of the pyridine ring of 8-hydroxyquinolate were found to be beneficial for the facile cleavage of the CO group during hydroformylation, and additionally, to improve the kinetic stability of catalysts. Warsaw and Springer-Verlag Berlin Heidelberg. 
Introduction
Among the transition-metal phosphines, special attention has been focused on the synthesis of Rh(I)-phosphines in view of their efficacy in industrial catalysis [1] . The first successful accomplishment of hydroformylation of propene using a water-soluble triphenylphosphine trisulfonate ligand advanced the organometallic chemistry of rhodium in view of the recovery and recycling of expensive metal catalysts [2] . Based on this principle, significant efforts were made to explore other phosphines with varied polar functional groups to generate more efficient Rh(I)-phosphines [3] . This concept is now expanded to other transformations such as carbonylation, cyclotrimerisation, hydrogenation, and reduction [4] .
Mononuclear Rh(I) compounds of the type [Rh(L^L) (CO) 2 ] (L^L = donor based chelating monoanionic bidentate ligands such as (O^O), (N^O) and (S^O)) in stable square planar geometry systems have been studied extensively as precursors and model compounds in catalysis [5] . A large number of reports are also available about the incorporation of neutral monodentate phosphines into these precursors [5] , but limited efforts Cent. Eur. J. Chem.
• 8(1) • 2010 • • 77-86 DOI: 10.2478 Synthesis characterization and hydroformylation activity of new mononuclear rhodium(I) compounds incorporated with polar-group functionalized phosphines were made with hemi-labile or polar phosphines. Previously, in this laboratory [6] , polar phosphines and their chemistry with transition metal ions including Rh(I) metal ion were studied. Incorporation of a range of polar phosphines (Scheme The presence of variable functional groups at different positions in phosphines could be useful to evaluate the polarisability (σ-donor and π-acceptor) of all metalligand bonds in the coordination sphere. The catalytic efficiency of these compounds is scrutinized in the hydroformylation of two higher alkenes--1-hexene and cyclohexene--in two-phase and single-phase aqueous organic systems. In this study, the influence of polargroups on the σ-donor and hydrophilic properties of the phophines (L 1 -L 7 ) and the consequences on the yield and selectivity of hydroformylation products were emphasized. Moreover, the manner in which π-acceptor properties of the pyridyl ring of 8-hydroxyquinolate are beneficial in hydroformylation was also highlighted.
Experimental procedure
The solvents, organic reagents and metal salts used were of AR grade. The solvents were dried and deoxygenated by refluxing and storing them over sodium. The phosphines were prepared according to methods previously reported [6, 14] . All synthetic reactions were conducted in a nitrogen atmosphere using the Schlenk technique. Elemental analyses were performed on a Perkin Elmer 2400 CHN analyzer. IR spectra were recorded on a Nicolet-740 spectrophotometer and a PerkinElmer 580B spectrophotometer. A Jeol 100 MHz FT NMR spectrophotometer and a Brucker WH 270 NMR spectrophotometer were used for recording 1 H, 13 C and 31 P-NMR spectra. 
Synthesis
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[Rh(quin-8-O)(CO)(Ph 2 P(C 6 H 4 CHO)]
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Hydroformylation reactions
A mixture of 2 mmol of 1-hexene or cyclohexene and 5х10 -3 mmol of the catalyst were mixed with water + toluene (1:1) or ethanol and placed into a glass lined mini autoclave purged with argon. Later, the reaction mixture was treated with CO+H 2 at 25 atm and then placed in an oil bath thermostatted at the desired temperature. After Synthesis characterization and hydroformylation activity of new mononuclear rhodium(I) compounds incorporated with polar-group functionalized phosphines 3-5 h the mixture was cooled and analyzed by 1 H-NMR and GC.
Catalyst recycling experiments
Catalytic recycling experiments were conducted under anaerobic conditions similar to the method reported by Baricelli and coworkers [3k] . The aqueous solution of the Rh(I) catalysts 1 and 2, and 1-hexene or cyclohexene was placed into a glass-lined stainless steel Parr autoclave (25 mL) equipped with a mechanical stirrer and a temperature controlled unit. Under the operation conditions mentioned above (25 atm pressure, 90˚C) a fresh organic phase that contained 1-hexene or cyclohexene was introduced into the pressure reservoir each time for the hydroformylation and analyzed by GC.
Results and discussion
The synthetic reactions conducted and the corresponding products obtained are illustrated in Scheme 2. The reaction of Rh(I) precursor [Rh(μ-Cl)(CO) 2 ] 2 with 8-hydroxyquinoline, in the presence of a base, followed by polar phosphines (Scheme 1, L 1 -L 7 ), produced single isomers of Rh(I)-phosphines 1-7.
All of the compounds are freely soluble in polarorganic solvents and insoluble in non-polar solvents, and are freely water soluble except for compound 7. These compounds were characterized by elemental analysis, and by IR, 1 H, 13 C, 31 P and UV-Visible spectroscopies.
The experimental data of analysis are in good agreement with those calculated for the theoretical formulae of the complexes (See experimental). The data indicated that the ligands are bonded with the metal ion in a 1:1 ratio.
IR and NMR spectral investigations
Absorption bands at 3480 and 1380 cm -1 are due to ν(OH) and δ(OH) vibrations of free 8-hydroxyquinoline [8] . The absence of these two bands in the spectra of the compounds indicate the deprotonation of the OH group in presence of the base and the coordination to Rh(I) through the phenolic oxygen. In addition, a strong band detected in the range of 1095-1110 cm -1 can be assigned to the C-O stretching frequency at the -C-O-M site. The band near 1630 cm -1 , attributed to the C=N group of 8-hydroxyquinolate, was shifted to lower frequencies ~ 1600-1580 cm -1 , which indicated the completion of chelation through coordination of the heterocyclic ring nitrogen, i.e., the pyridyl nitrogen. This conclusion is further supported by 13 C-NMR spectra in which a downfield signal was found at ~ 157.15-158.95 ppm assigned to the C=N bond of the coordinated pyridyl ring nitrogen.
In regard to the coordination features of the CO group, compounds 1-7 displayed only one absorption band in the region of 1930-1966 cm -1 for ν(CO) and only one 13 C signal in the region of 180-190 ppm for carbonyl carbon chemical shifts, thereby indicating that only a single isomer of each of these compounds is present. Previous reports described that, in rhodium(I) carbonyl phosphine complexes, a correlation was (1)
[Rh(quin-8-O)(CO)(Ph 2 P-4-C 6 H 4 COOH]
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(generated in situ)
drawn between 13 C chemical shifts of carbonyl (CO) carbon and ν(CO) by altering the electronic properties of tertiaryphosphine in the coordination sphere [5a,9] . This phenomenon can also describe the nature of Rh(I)-CO bond. A recent review by Kuhl [10] provides good correlation between the bonds of metal-phosphine and metal-carbonyl complexes. The strength of the Rh(I)-CO bond of compounds 1-7 was found to be influenced by the σ-donor and π-acceptor properties of the tertiaryphosphine, i.e., strength of the Rh(I)-P bond, because both ligands interact with the same d-π orbital of the Rh(I) metal ion [10] . The phosphines L 1 -L 7 used in this study contained carboxyl, hydroxyl and formyl functional groups at different positions on the aryl and aliphatic phosphine moieties, which influences both electronic and steric properties of these phosphines. As a consequence, variation can exist in their σ-donor and π-acceptor properties. To clarify the data regarding the σ-donor and π-acceptor properties, i.e., the extent of σ-donation of the phosphines in compounds 1-7, 31 P-NMR experiments were monitored. For example, Fig. 1 illustrates the IR, 13 C and 31 P-NMR spectral features of a coordinated carbonyl and a phosphine with a pendant, i.e., non-bonded carboxyl functional group, for compound 4, obtained as a single isomer.
All compounds (1-7) indicated only a single, doublet 31 P signal in the down-field region as compared to the spectra of the free ligands. The data are presented in Table 1 To evaluate the σ-donor properties of these phosphines, ∆δ
31 P values (δcomplex-δfree phosphine) were considered ( Table 1) . As the electron withdrawing nature of polar-groups on the phosphine decreased, the ∆δ 31 P values increased, i.e., its σ-donating ability increased. With reference to ∆δ 31 P values (Table 1) , the increasing σ-donor properties of the phosphines can be arranged in the order of P(CH 2 CH 2 COOH) 3 > EtP(CH 2 COOH) 2 > Ph 2 P(C 6 H 4 CH 2 OH) > Ph 2 P(C 6 H 4 -3-COOH) > Ph 2 P(C 6 H 4 -4-COOH) > Ph 2 P(C 6 H 4 -2-COOH) > Ph 2 P(C 6 H 4 -2-CHO). As the ∆δ 3 1P values increased, the ν(CO) values decreased due to increased π backdonation of excess electron density from Rh(I) to the CO group. The relationship between ∆δ 31 P and the ν(CO) values is presented in Fig. 2 to confirm this conclusion.
None of the polar-groups present in the phosphines in compounds 1-7 participated in chelation with the phosphorous atom. The absorption bands exhibited by compounds 1-5 in the region of 1700-1720 cm -1 , and by compound 7 at 1690 cm -1 are ascribed to free, i.e., uncoordinated carboxylic and formyl groups. The hydroxyl functionality on the phosphine in compound Synthesis characterization and hydroformylation activity of new mononuclear rhodium(I) compounds incorporated with polar-group functionalized phosphines 6 also remained uncoordinated. The 1 H-NMR and 13 C-NMR data provided additional support for the non-bonding nature of these polar functional groups. Compounds 1-5 exhibited a characteristic 1 H-NMR signal at approximately 10.7-11.5 ppm and a 13 C-NMR signal at approximately 170-174 ppm for the uncoordinated carboxylic group, whereas compound 7 exhibited a 1 H-NMR signal at 10.6 ppm and 13 C-NMR signal at 184.49 ppm for the uncoordinated formyl group.
Electronic spectra
The electronic spectrum recorded for each the complexes in acetone exhibited two or three bands of comparable intensity in the range of 250-520 nm . The bands in the visible region may be assigned to metal-ligand chargetransfer transaction [11] , whereas the bands observed in the ultraviolet region are assigned to intra-ligand transitions. No d-d transitions were detected. The Rh(I) species is strongly reducing in character, such that d-d transitions are usually obscured by charge-transfer transitions.
Catalytic hydroformylation
The mononuclear Rh(I)-phosphines, 1, 2, 3, 5, 6 and 7, with varied polar functional groups in the phosphines were chosen as catalysts to study the hydroformylation of 1-hexene and cyclohexene. The reactions were investigated both in two-phase (water + toluene) and single phase (water + ethanol) solvent systems at 50°C and 80°C using a CO+H 2 (1:1) pressure of 25 atm for a required period of time. An alkylammonium salt, tricaprylmethylammonium chloride, was used as the phase transfer agent in the two-phase hydroformylation.
Hydroformylation of 1-hexene
Two-phase Hydroformylation
The two-phase hydroformylation of 1-hexene performed at 50°C in a water + toluene system achieved conversion of only approximately 20-30% even after prolonged reaction periods (>24 h). Nonetheless, only the C 7 -aldehydes were produced selectively in this reaction. In order to see the effect of temperature, an increase in the temperature to 80°C improved dramatically the conversion of 1-hexene up to approximately 63-95% after a period of 5 h (Table 2) . Further, a maximum ratio of approximately 10:1 for linear to branched (L:B) aldehydes was noted under these conditions. Among the Rh(I)-phosphine catalysts used, those with phosphines that are strong σ-donors with respect to ∆δ 31 P-NMR, i.e., which contain fewer electron withdrawing polar groups on the phosphorous atom, increased the aldehyde yields and L:B ratios in the order 1 > 2 > 5 > 6 > 3 > 7. On the contrary, a reverse trend is reported in the literature [12] . The phosphines with more electron withdrawing substituents would minimize the back donation of the electron density from Rh(I) to CO and favor the facile cleavage of CO during the addition of alkene in hydroformylation. The facile cleavage of the CO group can accelerate the rate of hydroformylation and increase product yields. However, in the case of
, there is also a possibility of back donation of the electron density from Rh(I) to the pyridyl ring of 8-hydroxyquinolate when L is a strong, σ-donating phosphine. The π-acceptor property of pyridine ligands is a recognized phenomenon [13] . Because the absorption spectra of [Rh(quin-8-O)(CO)(L)] displayed MetalLigand Charge Transfer (MLCT) bands, it appears that the electron density received from phosphine could be resonating along the CO-Rh(I)-Pyridine vector. Due to these cooperative effects, the cleavage of the CO group becomes easier during hydroformylation even in the presence of a strong, σ-donating phosphine.
The hydrophilic nature of phosphines is an appealing characteristic that potentially influences biphasic hydroformylation. For example, the phosphines L 1 and L 2 of Rh(I)-phosphines 1 and 2 are not only strongly σ-donating, but are also highly hydrophilic due to the presence of multiple carboxyl groups. In our experiments, the strongly σ-donating phosphines are also highly hydrophilic in character. Addition of excess phosphine in the hydroformylation reaction did not demonstrate any considerable improvement in the product yields or selectivities. No change in the elemental analysis values of these compounds was observed after the first catalytic cycle, indicating that these compounds are stable.
Catalyst recycling experiments were performed with Rh(I) catalysts 1 and 4 using Baricelli's method [3] . Conversion of 1-hexene with Rh(I) catalyst 1 was > 90% and with Rh(I) catalyst 4 was > 83% after four cycles ( Table 2 ). Rh(I) catalysts 1 and 4 have similar L:B ratios.
Single-phase hydroformylation
The single-phase hydroformylation of cyclohexene in aqueous-ethanol (1:1) catalyzed by Rh(I)-phosphines (1, 2, 3, 5, 6 and 7) produced C 7 aldehydes and C 7 -alcohols. The data are presented in Table 3 . A maximum conversion of 1-hexene in the range of 71-95% was achieved in the single-phase reaction within shorter reaction periods (3 h) as compared to the two-phase hydroformylation. The accomplishment of single-phase hydroformylation in a shorter time was attributed to the presence of all the reactants in a single miscible phase. The ratios between aldehydes and alcohols were distributed between 2.5-3.5. With the exception of compound 1, the L:B ratios of aldehydes were lowered to 3. To determine the reason for over hydrogenation, an additional experiment was conducted by increasing the ratio of ethanol to water (2:1). The aldehyde to alcohol ratios reached approximately 2:1 as, i.e., the portion of alcohol is increased and indicated that ethanol could be the possible source of hydrogen. Similarly to the observations made in biphasic hydroformylation, the maximum yields and L:B ratios occurred for the strongly σ-donating phosphines. No isomerized products were detected in single-phase hydroformylation. 
Hydroformylation of cyclohexene
The results obtained for hydroformylation in the biphasic system (water + toluene) are presented in Table 4 . This reaction produced the cyclohexene carboxaldehyde selectively. The Rh(I)-phosphines with strong σ-donating and hydrophilic phosphines provided maximum yields and L:B ratios of the hydroformylation product. However, the conversion rates of cyclohexene were less than the conversion rates of 1-hexene.
Conclusion
The synthesis of a single isomer of mono-nuclear Rh(I)-Phosphine catalysts of the type [Rh(quin-8-O)(CO)(L)], specifically those with pendant carboxyl and hydroxyl polar-groups, is described. This is useful approach to explore efficient Rh(I)-Phosphine catalysts using phosphines other than Tris(3-sulfophenyl)phosphine trisodium salt (TPPTS) for aqueous system based catalysis. A relationship between ∆δ 31 P chemical shifts and the ν(CO) values indicated that the σ-donor properties of the phosphines were determined by the electronic properties of polar substituents on the phosphines. Based on the data obtained from IR, 1 H, 13 C, 31 P-NMR and electronic spectra, a squareplanar geometry is proposed for the Rh(I)-phosphines generated in this research as shown in Fig. 3 .
The Rh(I)-phosphines were demonstrated to be good catalysts for the hydroformylation of higher alkenes in aqueous organic two-phase and single-phase systems under mild conditions. The Rh(I)-phosphines containing strong σ-donating hydrophilic phosphines provided maximum yields and L:B ratios. On the contrary a reverse trend is mentioned in the literature using strong σ-donor phophines. We propose that due to the presence of a π-acceptor pyridyl ring in 8-hydroxyquinolate, the back-donation to the carbonyl group from the Rh(I) metal center is proposed to be minimized and favor its facile cleavage during hydroformylation. This research established that the use of strong σ-donating phosphines in [Rh(quin-8-O)(CO)(L)]-type compounds enhanced the stability of Rh(I)-phosphines and avoided the excess use of phosphine.
